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The self-propulsion mechanism of active colloidal particles often generates not only translational
but also rotational motion. For particles with an anisotropic mass density under gravity, the motion
is usually influenced by a downwards oriented force and an aligning torque. Here we study the
trajectories of self-propelled bottom-heavy Janus particles in three spatial dimensions both in ex-
periments and by theory. For a sufficiently large mass anisotropy, the particles typically move along
helical trajectories whose axis is oriented either parallel or antiparallel to the direction of gravity
(i.e., they show gravitaxis). In contrast, if the mass anisotropy is small and rotational diffusion is
dominant, gravitational alignment of the trajectories is not possible. Furthermore, the trajectories
depend on the angular self-propulsion velocity of the particles. If this component of the active
motion is strong and rotates the direction of translational self-propulsion of the particles, their tra-
jectories have many loops, whereas elongated swimming paths occur if the angular self-propulsion
is weak. We show that the observed gravitational alignment mechanism and the dependence of the
trajectory shape on the angular self-propulsion can be used to separate active colloidal particles
with respect to their mass anisotropy and angular self-propulsion, respectively.
I. INTRODUCTION
Nano- and micron-scale self-propulsive (also called “ac-
tive”) devices1–5 represent a new and exciting area of
research and are envisaged to be useful in a variety of
applications ranging from medicine, where they could
be used in targeted drug delivery and minimally inva-
sive surgery,6 to transport of materials in microfluidic
setups.7–9 To be able to engineer devices that have both
autonomous propulsion and directional control is seen
as essential to enabling many of these future applica-
tions. Whilst directional control still remains a tar-
get of research, autonomous propulsion is often achieved
through the asymmetric decomposition of a dissolved
fuel by an anisotropically distributed catalyst. One of
the most frequently studied synthetic self-propulsive sys-
tems is fabricated by evaporating a catalyst material onto
one hemisphere of a colloidal sphere to form a Janus
sphere (see Fig. 1). Typically, platinum metal is used
as the catalytic material in combination with hydro-
gen peroxide as the dissolved fuel.12,13 Some of us have
recently shown that evaporation results in a catalytic
layer that varies in thickness continuously across the sur-
face of an insulator-sphere self-propulsive device11 and
that the dominant propulsion force14,15 arises from an
electrokinetic mechanism,16 similar as for platinum-gold
nanorods.17,18 The asymmetrically distributed catalyst
decomposes the hydrogen peroxide to water and oxygen
(see Fig. 1), generating an electric field from the flow of
charged intermediate species such as H+ ions across the
catalyst.16 This results in propulsion of the Janus sphere
in the direction parallel to the vector that points from the
center of the metal cap to the center of the other hemi-
sphere of the particle (see Fig. 1).10 These self-propulsive
Janus colloids have been the subject of previous investi-
gations, demonstrating promising capabilities including
cargo transport directed by external magnetic fields,19
rectifying microfluidic channels,20 or proposed methods
based on chemotaxis-type effects.21,22
Recently we extended these previous investigations,
which had mainly focused on two-dimensional (2D) be-
havior, to consider three-dimensional (3D) trajectories
of self-propulsive colloids in bulk solutions. We demon-
strated that depending on the thickness of the platinum
coating and on the colloid size, some trajectories dis-
played features similar to those observed for bottom-
heavy algae cells: a gravitational alignment of the parti-
cle orientation resulting in self-propelled motion upwards
towards the top of the particle’s container.11 This be-
havior originated because the mass of the platinum cap
was biasing the orientation of the Janus sphere towards
small tilt angles θ ∈ [0, pi] where the heavy catalytic
cap faces down (see Fig. 1). In this initial report of
mass-anisotropy-induced gravitaxis of self-propelling de-
vices, we only considered the case where the colloids were
producing pure translational velocity. Under this sim-
plifying assumption, the observed trajectories were ex-
plained by modeling the effect of a gravitational torque
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Figure 1. Schematic of a self-propelled gravitactic Janus
sphere in a hydrogen peroxide (H2O2) solution as used in our
experiments. The platinum (Pt) cap of the polystyrene (PS)
sphere causes a catalytic decomposition of H2O2 into water
(H2O) and oxygen (O2) leading to a self-propulsion of the par-
ticle with velocity ~vA.
10 If the gravitational force ~FG acts on
the particle, its translational velocity ~v = ~vA − vseˆz deviates
from the self-propulsion velocity ~vA, where vs is the sedimen-
tation speed of the particle and eˆz = (0, 0, 1)
T is the unit
vector parallel to the z axis. Because of the displaced center
of mass (COM) the particle orientation is biased towards cap-
down orientations, i.e., small tilt angles θ ∈ [0, pi], and the par-
ticle moves upwards against gravity (negative gravitaxis).11
The particle orientation is described by a right-handed set of
pairwise perpendicular unit vectors uˆ1, uˆ2 = uˆ3 × uˆ1, and
uˆ3, where the latter is parallel to the vector pointing from
the center of the platinum cap to the center of the oppos-
ing hemisphere. For an ideal particle as illustrated here, the
orientation vector uˆ3 denotes the symmetry axis of the par-
ticle and ~vA is given by ~vA = v0uˆ3 with the translational
self-propulsion speed v0 = ‖~vA‖.
on the self-propulsion velocity vector that is otherwise
randomized by Brownian rotations. However, it has
been shown that self-propulsive Janus colloids often pro-
duce rotational propulsion in addition to translations.
Such a rotational propulsion can be due to an acciden-
tal or engineered-in asymmetry of the platinum cap12,23
and is also observed in self-assembled agglomerates of
self-propelled colloids.24 The 3D trajectories of mass-
anisotropic colloids with both translational and rota-
tional self-propulsion have not yet been considered and
can be expected to be complex, as three different factors
can now affect device orientation: self-propulsive rota-
tions, a gravitational torque due to an anisotropic mass
distribution, and stochastic Brownian rotations.
In this work we consequently focus on experimentally
and theoretically determining the 3D behavior for a range
of differently sized self-propelled colloidal Janus parti-
cles for which varying amounts of gravitational alignment
are expected. Particle tracking in 3D is used to mea-
sure experimental trajectories, and appropriate Langevin
equations25,26 are derived to confirm, explain, and com-
plement our experimental findings by theoretical consid-
erations. We show that the typical trajectory of a self-
propelled Janus particle is a helical path with superim-
posed fluctuations due to Brownian noise.27 If the mass
anisotropy of the particle is sufficiently large, the heli-
cal trajectory aligns parallel or antiparallel to the direc-
tion of gravity, i.e., the particle shows gravitaxis. In case
of a small mass anisotropy, however, rotational diffusion
prevents gravitational alignment of the particle motion.
This gravitational alignment mechanism enables the sep-
aration of self-propelled colloidal particles with respect
to their mass anisotropy. In addition, we show that an-
gular self-propulsion has a strong influence on the shape
of the trajectory. If angular self-propulsion is sufficiently
strong and rotates the particle about an axis not parallel
to the direction of translational self-propulsion, the tra-
jectory has loops in quick succession. In contrast, a small
angular self-propulsion leads to a more elongated or even
straight trajectory. We demonstrate both by experiments
and simulations that, as a consequence, mixtures of self-
propulsive colloids with varying angular self-propulsion
undergo rapid stratification. This finding allows the sep-
aration of self-propelled colloids according to their angu-
lar self-propulsion velocity.
This article is organized as follows: in Sec. II we de-
scribe the experimental and theoretical methods we used
to investigate the trajectories of mass-anisotropic self-
propelled colloidal Janus particles. The results of our
experiments and theoretical considerations are discussed
in Sec. III. Finally, we conclude in Sec. IV.
II. METHODS
To study the 3D trajectories of self-propelled colloidal
Janus particles, we applied both experimental and the-
oretical methods. This section addresses the setup and
performance of our experiments as well as the basic equa-
tions underlying our theoretical considerations.
A. Experimental methods
In our experiments we prepared and tracked self-
propelled Janus spheres with three different radii R1 =
0.95µm, R2 = 1.55µm, and R3 = 2.40µm.
1. Materials
We purchased H2O2 puriss grade (30 % mass frac-
tion in water) and 0.25 mm thick platinum wire (99.99 %
purity) from Sigma Aldrich. For preparing the
Janus spheres we used green fluorescent Fluoro-Max
polystyrene microspheres from Thermo Scientific with
radii R1, R2, and R3. Furthermore, we used water from
3an Elga Purelab Option filtration system with electrical
resistivity 0.15 MΩm.
2. Preparation of the Janus-particle dispersion
To prepare our catalytic Janus spheres, we followed
the method described in Ref. [11]. We first placed a few
drops of a 0.1 % mass fraction dispersion of green fluores-
cent polystyrene microspheres in ethanol on clean glass
microscope slides and created a monolayer of these mi-
crospheres by spin coating. Afterwards, we evaporated
a 10 nm thick layer of platinum onto the upper hemi-
sphere of the particles. Evaporation of the platinum was
done under vacuum using a Moorfield (UK) Minilab 80
electron beam evaporator. The Janus spheres were then
resuspended in water by dragging the edge of a 1 cm2
square piece of moistened lens tissue repeatedly across
the surface of the slide, immersing it in 1.2 ml of water
in a vial, and shaking vigorously. To 1 ml of this dis-
persion we added 1 ml of a 30 % mass fraction solution of
H2O2 and we sonicated the resulting dispersion for 5 min.
We waited a further 25 min before adding an additional
1 ml of water to the dispersion to form a 10 % mass frac-
tion solution of H2O2. During this additional period we
have observed that the platinum catalyst becomes fully
activated and the particles reach their maximum self-
propulsion speed. We have previously estimated the final
particle volume fraction of the Janus-particle suspension
to be about 0.003 %.11 This low particle concentration
has two benefits. Firstly, it avoids flows in the H2O2
solution that can be induced at higher particle concen-
trations. Secondly, the rate of catalytic decomposition
of the H2O2 by the Janus particles is negligible over the
period of the experiments: Janus particles were observed
to still self-propel 24 h later with little change in speed.
3. Tracking Janus-particle trajectories
All observations of self-propelled Janus particles were
made using an oxygen plasma cleaned cuvette (40 mm×
10 mm × 0.7 mm inner dimensions, 1.25 mm wall thick-
ness) filled with the Janus-particle dispersion. To track
the self-propelled particles in three spatial dimensions,
the cuvette was mounted on the stage of a Nikon Eclipse
LV100 microscope, with the shortest edges of the cuvette
parallel to the direction of gravity. The microscope was
fitted with a Nikon 20 x, 0.45 N.A. objective and operated
in fluorescence mode, illuminating the Janus-particle dis-
persion with the blue excitation band of a Nikon B2A
filter cube. Using an Andor Neo camera, we recorded a
sequence of 1000 images (730×730 pixels) at a frequency
of 33 Hz with the objective defocused above the green flu-
orescent Janus spheres. Defocussing in this way results
in the particles being imaged as a bright diffraction ring,
where the size of the ring is dependent on the magnifi-
cation, the particle size, and the distance of the particles
from the focal plane of the objective.28 We used a set
of Labview algorithms to analyze the images to extract
the (x, y) coordinates from the position of the ring cen-
ter and the z coordinate from the ring radius (see Ref.
[11] for details). The intensity of the fluorescence light
detected by the camera falls with increasing distance of
the particles from the focal plane of the objective. When
the Janus particles are very far from the focal plane, the
signal-to-noise ratio is too low to accurately track them.28
As a consequence, we were limited to tracking the Janus
spheres with radius R1 over a maximum z distance of
about 100µm and the larger particles with radius R3
over 150µm. However, we found that for most of our
self-propelled Janus particles this was not a significant
limitation.
B. Theoretical methods
To study mass-anisotropic self-propelled colloidal
Janus particles theoretically, we derived appropriate
Langevin equations using the general framework de-
scribed in Ref. [26]. This framework has already suc-
cessfully been applied to calculate the 6×6-dimensional
diffusion tensor of anisometric colloidal particles from
their orientation-resolved trajectories29 and to predict
the trajectories of an anisometric but mass-isotropic self-
propelled colloidal particle in two spatial dimensions in
the absence30,31 and in the presence32 of gravity. Here,
we apply this framework to bottom-heavy (i.e., mass-
anisotropic) self-propelled colloidal particles under grav-
ity. In order to derive corresponding Langevin equations,
we assumed a spherical particle shape and included a
torque that tends to orient the particles upwards.
We describe the translation and rotation of such a par-
ticle by the time-dependent position ~r(t) of its center
and the time-dependent orthonormal orientational unit
vectors uˆ1(t), uˆ2(t), and uˆ3(t) = uˆ1(t)× uˆ2(t), respec-
tively. The orientational unit vectors rotate with the
particle and are chosen in such a way that uˆ3(t) is al-
ways parallel to the vector that points from the center
of the metal-coated hemisphere to the center of the op-
posing hemisphere of the particle. For an ideal Janus
particle, which is rotationally symmetric about uˆ3(t),
this unit vector thus denotes the direction of the trans-
lational self-propulsion at time t. A real Janus par-
ticle, however, is not ideal and small imperfections in
the particle shape and catalytic layer cause a devia-
tion of the direction of translational self-propulsion from
the particle orientation vector uˆ3(t). For such a par-
ticle, the translational self-propulsion velocity can be
written as ~vA = vA,1uˆ1 + vA,2uˆ2 + vA,3uˆ3 with con-
stant coefficients vA,1, vA,2, and vA,3. In most situa-
tions one has vA,3  vA,1 and vA,3  vA,2. Analogously,
the angular self-propulsion velocity can be written as
~ωA = ωA,1uˆ1+ωA,2uˆ2+ωA,3uˆ3 with constant coefficients
ωA,1, ωA,2, and ωA,3. Besides the self-propulsion of the
particle, we take into account the effect of gravity on the
4particle motion. This is achieved by means of a sedimen-
tation velocity −vseˆz33–38 with sedimentation speed vs
and the unit vector parallel to the z axis eˆz = (0, 0, 1)
T
as well as through an orientation-dependent angular ve-
locity ωM~a that tends to rotate the particle upwards so
that uˆ3 becomes identical to eˆz. This angular veloc-
ity with maximum value ωM > 0 and with the vector
~a = (u3,y,−u3,x, 0)T, which depends on the orientation
vector uˆ3 = (u3,x, u3,y, u3,z)
T, corresponds to the align-
ing torque that results from the displacement of the cen-
ter of mass of the Janus particle towards the relatively
heavy metal cap (see Fig. 1).
Appropriate Langevin equations for describing the mo-
tion of such a particle are given by
~˙r = vA,1uˆ1 + vA,2uˆ2 + vA,3uˆ3 − vseˆz +
√
2DT~ξT , (1)
~ω = ωA,1uˆ1 + ωA,2uˆ2 + ωA,3uˆ3 + ωM~a+
√
2DR~ξR , (2)
˙ˆui = ~ω×uˆi for i ∈ {1, 2, 3} (3)
with the translational particle velocity ~˙r(t) = d~r(t)/dt,
the angular particle velocity ~ω(t), and the translational
and rotational diffusion coefficients DT = kBT/(6piηR)
and DR = 3DT/(4R
2), respectively, where kB is the
Boltzmann constant, T is the absolute temperature, η is
the dynamic viscosity of the H2O2 solution surrounding
the Janus particles, and R is the particle radius. ~ξT(t)
and ~ξR(t) model the Brownian noise that affects the par-
ticle motion. Their individual components are statis-
tically independent, zero-mean, unit-variance Gaussian
white noises.
In order to simulate trajectories of mass-anisotropic
self-propelled Janus particles, we solved the Langevin
equations (1)-(3) numerically using the Euler-Maruyama
method.39 For these numerical calculations, we chose
parameters that correspond to our experiments. This
means that we considered the three particle radii R1 =
0.95µm, R2 = 1.55µm, and R3 = 2.40µm, the tempera-
ture T = 293 K, and the viscosity η = 1.02 · 10−3 Pa s.
Furthermore, depending on the particle radius R ∈
{R1, R2, R3} we chose the translational self-propulsion
speed v0 = ‖~vA‖ =
√
v2A,1 + v
2
A,2 + v
2
A,3, the sedimen-
tation speed vs, the angular self-propulsion speed ω0 =
‖~ωA‖ =
√
ω2A,1 + ω
2
A,2 + ω
2
A,3, and the maximal aligning
angular velocity ωM as shown in Table I. The values for
R/µm v0/(µm s
−1) Pe vs/(µm s−1) ω0/s−1 ωM/s−1
0.95 5.33 45.7 0.11 [0, 1.72] 0.053
1.55 4.35 99.3 0.32 [0, 1.87] 0.093
2.40 4.18 229 0.50 [0, 0.79] 0.082
Table I. Parameters v0, Pe, vs, ω0, and ωM for our Janus
particles with different radii R and a 10 nm thick platinum
cap.
v0 were directly measured in our experiments. As can be
seen from the corresponding values of the Pe´clet num-
ber Pe = 2Rv0/DT (see Table I), these translational self-
propulsion speeds are quite large so that for all considered
particles self-propulsion clearly dominates passive diffu-
sion. We measured the values for vs in water, where the
particles are not self-propelled, and deduced from these
measurements the values of vs in the H2O2 solution. The
values for ωM were calculated from the mass distribution
of the Janus particles with a 10 nm thick platinum cap,
using the relation ~ω = (DR/(kBT )) ~M between a torque
~M acting on a spherical colloidal particle and its result-
ing angular velocity ~ω. (See the Appendix for details on
the calculation of vs and ωM.) However, it was neither
possible to measure ω0 directly, which would require to
track the particles with respect to all three orientational
degrees of freedom, nor to calculate it from other known
quantities.
Therefore, we estimated ω0 from the translational mo-
tion of the particles tracked in our experiments. For
this purpose, we neglected the z coordinates of the par-
ticle positions, which are biased by gravitaxis, and cal-
culated the angles ∆φi ∈ (−pi, pi) by which the direc-
tion of translational motion of a particle changed when
proceeding from the ith to the (i + 1)th time step.40
¿From these angles we in turn determined the angular
speed ωxy = (N − 1)−1|
∑N−1
i=1 ∆φi/∆t|, where N is the
number of time steps and ∆t is the time step size of
the considered trajectory. The resulting mean values
〈ωxy〉 are 〈ωxy〉R1 = 0.860 s−1, 〈ωxy〉R2 = 0.933 s−1, and
〈ωxy〉R3 = 0.396 s−1 for particles of radii R1, R2, and R3,
respectively. We therefore used the intervals [0, 2〈ωxy〉Ri ]
to approximate the values of ω0 for particles of radius Ri
with i ∈ {1, 2, 3} (see Table I). When simulating a tra-
jectory for a Janus particle using the Langevin equations
(1)-(3), we selected a value for ω0 randomly and with
uniform probability from the corresponding interval in
Table I.
After determining values for v0 and ω0, we used them
to choose reasonable values for the parameters vA,i and
ωA,i with i ∈ {1, 2, 3}. Since for the Janus particles
studied in this article the translational self-propulsion
acts mainly in the direction of uˆ3 and the angular self-
propulsion velocity is assumed to have a component with
a small amount parallel to uˆ3, we chose values for vA,1
and vA,2 randomly and with uniform probability from
the interval [−0.1v0, 0.1v0] and for ωA,1 and ωA,2 from
the set [−√0.5ω0,−
√
0.45ω0] ∪ [
√
0.45ω0,
√
0.5ω0]. The
values for vA,3 and ωA,3 then followed from the condi-
tions v0 = ‖~vA‖ and ω0 = ‖~ωA‖, where a random sign
had to be chosen for ωA,3.
In our simulations of trajectories of self-propelled
Janus particles we used the origin of coordinates ~r(0) =
(0, 0, 0)T and a random orientation described by ran-
domly chosen and pairwise perpendicular unit vectors
uˆ1(0), uˆ2(0), and uˆ3(0) = uˆ1(0) × uˆ2(0) as initial con-
ditions. We simulated the trajectories for a period of
length 999/33 s ≈ 30 s, which corresponds to recording
1000 images at frame rate 33 Hz in the experiments. For
5better numerical accuracy, we solved the Langevin equa-
tions (1)-(3) with a time step size ∆t/4, which is smaller
by a factor of 4 than the time steps in our experiments,
but for analogy with the experimental data we downsam-
pled the resulting trajectories to the time step size ∆t.
III. RESULTS AND DISCUSSION
First, we study the qualitative shapes of the trajecto-
ries of the mass-anisotropic self-propelled colloidal Janus
particles, which depend on the values of the parameters
vA,i and ωA,i with i ∈ {1, 2, 3} and thus on the par-
ticular shapes and sizes of these non-ideal particles and
their catalytic layers. For this purpose we analyzed the
Langevin equations (1)-(3) and numerically solved them
for various different parameter choices and random initial
particle orientations. Regarding the parameters vA,i and
ωA,i, we only stipulated vA,3 > 0 to focus on forwards
moving particles, which is in accordance with our exper-
iments. Apart from that, we allowed for all real values
of these parameters. Since we are interested only in the
qualitative shapes of the trajectories, we neglected the
noise terms in Eqs. (1)-(3). Furthermore, we chose vs/ωM
and 1/ωM as units for distance and time, respectively, so
that the equations depend only on the dimensionless ra-
tios vA,i/vs and ωA,i/ωM, but no longer explicitly on vs
and ωM. The qualitative shapes of the trajectories can
then be classified with respect to the relative orientations
of the translational self-propulsion velocity ~vA, angular
self-propulsion velocity ~ωA, and orientation of the parti-
cle axis uˆ3
41 and by distinguishing the cases ~ωA 6= ~0 and
~ωA = ~0. Figure 2 shows such a classification of the pos-
sible trajectory shapes of mass-anisotropic self-propelled
colloidal Janus particles. Remarkably, the typical trajec-
tory of a self-propelled Janus particle is a helical path.
This is, of course, superimposed by fluctuations when
Brownian noise is taken into account.
If gravity is present (~FG 6= ~0), the trajectories typi-
cally start with an irregular transient regime, which de-
pends on the initial particle orientation, and then con-
verge into a helical curve pointing in vertical direction
so that the axis of the helix is parallel or antiparallel to
the buoyancy-corrected gravitational force ~FG (see Fig.
2a). This implies that the third component of the angular
velocity ~ω is constant. While the z coordinate of the par-
ticle’s center-of-mass position increases linearly as soon
as the particle enters the periodic regime, the projection
onto the x-y plane is a circle. Moreover, the tilting angle
of the particle with respect to the direction of gravity is
constant. This means that only the first two components
of the particle’s orientation vector uˆ3 change in time.
Such trajectories are similar to those of self-propelled col-
loidal particles under gravity that have a homogeneous
mass distribution but an anisotropic shape.26 There are
only three exceptions from the typical helical trajecto-
ries. These special cases can occur if ~ωA is parallel or
perpendicular to uˆ3 or if ~ωA vanishes.
The first exception is realized if ~ωA is perpendicular to
uˆ3, not parallel to ~vA, and not vanishing. In this special
case there is a direct competition between the angular
self-propulsion velocity ~ωA and the aligning torque due to
gravity so that depending on the modulus of ~ωA two qual-
itatively different trajectories can be observed (see Fig.
2b). As long as the maximal aligning torque occurring
for uˆ3 ⊥ ~FG is larger than the torque that corresponds to
the angular self-propulsion velocity ~ωA, a particle starts
with an initial transient regime and then proceeds with a
straight tilted trajectory. Since the torques acting on the
particle and the corresponding angular velocities differ
only by a factor DR/(kBT ), the condition for this trajec-
tory can be expressed by ω0 6 ωM. On the other hand,
if ω0 exceeds ωM, the particle moves on a circling path
without any transient regime. This path is periodic but
not a helix, with an elliptical instead of a circular cross
section, and its orientation depends on the initial orien-
tation of the particle. Such a transition from straight
to circling periodic trajectories, occurring if the angular
self-propulsion exceeds a critical value, is similar to what
has been observed for asymmetric self-propelled colloidal
particles in two spatial dimensions with a homogeneous
mass distribution under gravity.32 The second exception
is given if ~ωA vanishes and ~vA is not parallel to uˆ3. Then
the trajectory is again a tilted straight line after an ini-
tial transient regime (see Fig. 2c) with the tilting angle θ
between the straight part of the trajectory and ~FG now
given by tan(θ) = |vA,1|/(vA,3−vs). Finally, the third ex-
ception requires that ~ωA is either vanishing or parallel to
uˆ3 and that ~vA is parallel to uˆ3. In this special situation,
the particle starts with an initial transient regime and
converges into a straight line that is parallel to ~vA and
parallel or antiparallel to ~FG (see Fig. 2d). The reason
for this vertical alignment of the trajectory is that the
particle is now rotationally symmetric about uˆ3 and that
gravity can rotate the particle so that its heavy platinum
cap is pointing downwards and uˆ3 becomes antiparallel
to ~FG.
This means that for a sufficiently strong translational
self-propulsion that dominates gravity and thus avoids
sedimentation, the particles move upwards under gravity,
i.e., they show (negative) gravitaxis. As long as gravity
is present, this is a general result and true even in all
three special cases mentioned above (see Figs. 2a-d). We
will address this effect in more detail further below.
If, in contrast, there is no gravity (~FG = ~0), the trajec-
tories of self-propelled Janus particles are much simpler,
since their mass distribution becomes irrelevant. Here
the general trajectory shape is a helix26,42 which has no
transient regime and an orientation that depends on the
initial particle orientation (see Fig. 2e). Only two limit-
ing special cases can be distinguished from this general
case. The first one occurs if the angular self-propulsion
velocity ~ωA of the particle is non-vanishing and perpen-
dicular to the translational self-propulsion velocity ~vA. In
this case, the particle can only move in a plane perpen-
dicular to ~ωA and the helix reduces to a circle (helix with
6no transient regime no transient regime no transient regime
transient regimeno trans. regime transient regimetransient regime transient regime
ca b d
e f g
Figure 2. Classification of the noise-free solutions of the Langevin equations (1)-(3). Depending on the vectors ~vA = vA,1uˆ1 +
vA,2uˆ2 + vA,3uˆ3 and ~ωA = ωA,1uˆ1 + ωA,2uˆ2 + ωA,3uˆ3, which model the self-propulsion of the particles, and the gravitational
force ~FG, qualitatively different trajectories can be observed. Note that the trajectories shown in (a)-(d) point downwards if
the translational self-propulsion is weak.
zero pitch length) whose position and orientation depend
on the initial position and orientation of the particle (see
Fig. 2f). On the other hand, for a vanishing ~ωA or if ~ωA
and ~vA are parallel, the particle does not rotate or the
rotation has no effect on its translational motion, respec-
tively. In this special case, the particle can only move
parallel to ~vA and the trajectory is infinitely stretched to
a straight line (helix with infinite pitch length) whose ori-
entation again depends on the initial particle orientation
(see Fig. 2g).
In our experiments, of course, not all parameter values
were realized so that it was not possible to observe all the
trajectory types distinguished in Fig. 2. The dominant
trajectory types which we observed in the experiments
are shown in Fig. 3. They are a helical curve (see Fig.
3a), a helix-like curve with an elliptical cross section (see
Fig. 3b), and a tilted straight line (see Fig. 3c). These
trajectories correspond to the general helical trajectories
illustrated in Fig. 2a, the non-helical periodic trajectories
represented in Fig. 2b, and the tilted straight trajecto-
ries of Figs. 2b or 2c, respectively. A trajectory with a
straight vertical upwards motion corresponding to Fig.
2d was not observed in our experiments. In view of the
fact that this case requires very special parameter com-
binations, it is not surprising that this situation is rare in
experiments. Note that in the case of periodic trajecto-
ries as shown in Figs. 3a and 3b, the reasons for observ-
ing only individual loops are the limited tracking time of
≈ 30 s in the experiments and the limited z distance over
which particles could be tracked (see Sec. II A 3).
Next, we study the full trajectories of self-propelled
Janus particles including Brownian noise. In Fig. 4 a
group of trajectories starting in the origin of ordinates
and corresponding to different particles is shown for each
particle radius R ∈ {R1, R2, R3}. The experimental re-
sults (see Figs. 4a-c), which include the trajectories from
Fig. 3, show a strong dependence on the particle radius.
While for the smallest particles of radius R1 = 0.95µm
rotational diffusion is large and the trajectories appear as
a cloud that is centered around the origin of ordinates,
for the larger particles with radii R2 = 1.55µm and
R3 = 2.40µm the trajectories are increasingly biased up-
wards, i.e., opposite to the gravitational force ~FG (nega-
tive gravitaxis). This originates from the mass anisotropy
of the particles, which is due to their platinum cap and
leads to a preferred upwards orientation. The aligning ef-
fect increases with the particle radius and leads to grav-
itaxis when it dominates rotational diffusion. Further-
more, while the trajectories of the smallest particles are
balled up, the trajectories of the larger particles are more
and more elongated. This is in accordance with the fact
that the Pe´clet number Pe = 2Rv0/DT = 3v0/(2RDR)
70
50
0 50 100
0
50
0 50 100 150
0
50
100
-50 0
50
-100
-50 0
50
100
150
0 50 100 150
0
50
100
150
a b c
Figure 3. Different types of trajectories observed in the experiments: (a) a turn of a helix, (b) about one turn of a helix-like
curve, and (c) a straight line. The insets show corresponding orthographic projections parallel to the curves’ axes.
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Figure 4. Trajectories of various Janus spheres with different radii R (a)-(c) observed in our experiments and (d)-(f) simulated
using Eqs. (1)-(3). With increasing radius the particle motion is more and more biased upwards (negative gravitaxis) and the
trajectories become increasingly elongated.
grows with the particle radius (see Table I). However,
it is an effect not only of rotational diffusion, which de-
creases for a growing particle radius, but also of the in-
creasing aligning torque due to the mass anisotropy of the
particles. For comparison, we simulated the same num-
ber of corresponding trajectories by numerically solving
the Langevin equations (1)-(3) (see Sec. II B for the cho-
sen parameters). Our simulation results (see Figs. 4d-
f) are in good agreement with the experimental results
and show the same features. Note that some of the ex-
perimental trajectories are longer than the correspond-
ing simulated trajectories, since – for each particle size
– we simulated all trajectories with the same transla-
tional self-propulsion speed v0 given in Table I, whereas
in the experiments some particles reached larger speeds.
The facts that the motion of the Janus particles becomes
gravitactic if their mass anisotropy is sufficiently large
and that the elongation of the trajectories increases with
the particle radius are potentially useful features, since
they allow to separate self-propelled colloidal Janus par-
ticles with respect to their mass anisotropy and size.
When comparing trajectories of equally-sized self-
propelled Janus particles, it is observed that even for
particles with the same radius R and translational self-
8propulsion speed v0 the trajectories can have qualita-
tively different shapes. Figure 5 shows two such trajecto-
ries for particles of radius R3 = 2.40µm. Obviously, the
-10
0
10
20
30
40
50
60
70
80
90
100
-50 -40 -30 -20 -10 100 20 30 40 50
-20-10
0
2030
40
10
small
large
Figure 5. Experimental trajectories of Janus spheres with the
same radius R3 = 2.40µm and translational self-propulsion
speed v0 but different angular self-propulsion speeds ‖~ωA‖.
The particle with larger ‖~ωA‖ has a balled-up trajectory with
many loops, whereas the particle with smaller ‖~ωA‖ has a
more elongated trajectory that runs upwards due to negative
gravitaxis. Particle positions are shown at 5 s intervals.
trajectory of one particle has many loops and is balled
up, whereas the trajectory of the other particle is much
more elongated and shows less than one full loop. Within
our modeling, this behavior of the particles can be at-
tributed to different values of the angular self-propulsion
speed ω0 = ‖~ωA‖, which has a strong influence on the
shape of the trajectory. When ω0 is sufficiently large
and ~ωA rotates the particle about an axis not parallel to
~vA, the trajectory has small loops in quick succession.
In contrast, a small ω0 leads to a more elongated or even
straight trajectory. Differing values of ω0 in this work are
thought to result from small imperfections in the shape
of the particle’s catalytic hemisphere, which introduce
asymmetries leading to rotational propulsion. In a re-
cent article, we have demonstrated that Janus spheres
with large values of ω0 can be intentionally produced
with a high degree of precision.23
The strong dependence of the trajectory shape on the
angular self-propulsion velocity is another interesting fea-
ture of the particles that enables them to be sorted. In a
mixture of self-propelled colloidal particles differing only
by their degree of rotational propulsion, the particles
with slow rotation and elongated trajectories will move
fast away from their initial position, while particles with
larger angular self-propulsion and balled-up trajectories
remain closer to their initial position and thus separate
from the other particles. When gravitaxis is relevant,
this spatial separation effect is particularly strong in the
vertical direction. As an example, the difference in climb
rate of the particles in Fig. 5 would result in a vertical
separation distance of about 1 mm in 5 min.
To demonstrate such particle separation, we have car-
ried out additional experiments with a homogeneous
suspension of self-propelled Janus particles with radius
R1 = 0.95µm and a now 20 nm thick platinum cap. Af-
ter filling a cuvette with the suspension and waiting for
10 min, trajectories were recorded for colloids near the
center of the 700µm thick suspension and for colloids
near the upper cuvette wall. Figure 6a shows the proba-
bility distribution of the two-dimensional angular speed
ωxy (see Sec. II B) for the particles in the center of the
suspension and near the upper interface. The colloids
near the upper interface were found to have a small or
no angular speed (0 6 ωxy 6 1 s−1), while those remain-
ing in the bulk had a much wider distribution of the
angular speed (0 6 ωxy 6 4 s−1). In a control exper-
iment, we verified that interactions with the interface
were not responsible for the reduction in ωxy: eventu-
ally rapid rotors were observed near the cuvette inter-
faces and continued to show trajectories with loops in
quick succession. Furthermore, the mean translational
velocities for the bulk and interface colloids were simi-
lar (vbulk = 5.8µm/s, vinterface = 6.2µm/s), suggesting
that the spatial separation was due to the difference in
ω0 rather than v0.
To verify that mixtures of self-propulsive Janus spheres
with varying angular self-propulsion undergo rapid strat-
ification, we carried out additional simulations that cor-
respond to the experiments. Different from our previous
simulations described in Sec. II B, we chose the random
initial particle positions with the z coordinates uniformly
distributed in the interval [−350µm, 350µm] and sim-
ulated the trajectories for a 10 min longer period. Af-
ter the initial 10 min, where we discarded the particle
coordinates, we tracked them for the remaining about
30 s, but only within two 100µm thick horizontal layers
in the center and at the upper interface of the suspen-
sion. In this way, we simulated the trajectories of 50, 000
particles with radius R1 = 0.95µm, where we modeled
the upper and lower interface of the suspension by hard
horizontal plane walls. Furthermore, in accordance with
our experiments we used the translational self-propulsion
speed v0 = 6µm/s, sedimentation speed vs = 0.46µm/s,
angular self-propulsion speeds ω0 ∈ [0, 5 s−1], and max-
imal aligning angular velocity ωM = 0.27 s
−1, where vs
and ωM take the increased thickness and weight of the
20 nm thick platinum cap into account. Apart from that,
we used the same parameters and procedure as for our
previous simulations of self-propelled Janus spheres with
radius R1 = 0.95µm (see Sec. II B). The results of our
simulations of a mixture of Janus spheres with varying
angular self-propulsion are shown in Fig. 6b. For the par-
ticles tracked near the upper interface of the suspension
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Figure 6. (a) Experimental and (b) theoretical results for the
probability distributions of the two-dimensional angular speed
ωxy in the center (i.e., in the bulk) and near the upper inter-
face of a suspension of self-propelled colloidal particles with
radius R1 = 0.95µm and a 20 nm thick platinum coating in
a cuvette with inner height 700µm. A shift of the expected
values 〈ωxy〉 of the probability distributions near the top in-
terface to smaller values than in the bulk suspension is clearly
visible. The suspension is initially homogeneous and the tra-
jectories of the particles are tracked after 10 min for about
30 s.
the distribution of the two-dimensional angular speed ωxy
is clearly shifted to smaller values of ωxy compared to the
distribution for the particles tracked in the center of the
suspension. This is similar to our corresponding exper-
imental results. However, a quantitative comparison of
our experimental and simulation results is not possible
here, since the particular shapes of the curves in Fig. 6b
result from the probability distributions of the parame-
ters ωA,1, ωA,2, and ωA,3 used in our simulations (see Sec.
II B). The real probability distributions for these param-
eters are certainly different resulting in the shapes of the
curves in Fig. 6a differing from those in Fig. 6b, but it
was not possible to measure these parameters for the par-
ticles used in our experiments.
The possibility to sort self-propelled Janus particles
with respect to their angular self-propulsion is relevant,
e.g., for applications where one wants to separate Janus
particles with a damaged or irregularly shaped metal cap
from more symmetric Janus particles. Extracting par-
ticles from the top of a container would select for lin-
ear translators suitable for transport tasks, while the re-
maining particles would on average possess greater angu-
lar self-propulsion and so be suitable for mixing tasks.43
This procedure could also allow the variety of trajecto-
ries observed for self-propelled colloid agglomerates to be
similarly separated.24
IV. CONCLUSIONS
Using experiments and theoretical considerations
based on appropriate Langevin equations, we have stud-
ied the 3D trajectories of self-propulsive colloidal Janus
spheres with bottom-heaviness under gravity. The self-
propulsion of such particles often goes along with both
a translational and an angular velocity that are constant
in the particle frame. Gravity influences the motion of
our particles by a force that is downwards oriented and
by a torque that tends to align the particles upwards.
We found that these particles typically move along a
helical path that is perturbed by Brownian noise. If
the aligning torque resulting from the mass anisotropy
outweighs the effect of rotational diffusion, the parti-
cle motion is gravitactic and the axis of the helical tra-
jectory coincides with the direction of gravity. Other-
wise, if the orienting torque is not dominant, no clear
gravitational alignment is observed. As an additional
finding, the characteristic features of the trajectory of a
self-propelled Janus particle are largely governed by its
angular self-propulsion velocity. If the latter exceeds a
certain threshold value and is not parallel to the trans-
lational self-propulsion velocity, the swimming direction
of the particle is perpetually rotated, leading to a tra-
jectory with an endless series of loops rapidly following
each other. As opposed to this, the trajectory of a parti-
cle with weak angular self-propulsion is more elongated
or even straight, except for the influence of the Brownian
noise. The observed alignment mechanism under gravity
and the strong dependence of the trajectory shape on the
angular self-propulsion velocity are valuable features in
the context of application purposes, since they allow to
separate self-propelled colloidal Janus spheres according
to their mass anisotropy and rotational activity.
Our results are applicable not only to the specific
Janus particles studied here but also to various other
types of synthetic self-propelled particles. Since our
theoretical considerations are not limited to chemically
driven particles, the trajectories that we observed should
also occur for Janus spheres that self-propel under
illumination.44–47 Furthermore, our findings can be gen-
eralized to other particle shapes. A first step would be to
consider rotationally symmetric shape-anisotropic parti-
cles such as rods17,48 or spheroids.49–51 For these sys-
tems, the description has to be adapted accordingly, but
10
the underlying physics is basically the same. This is dif-
ferent for particles without any symmetry axis.30,52 In
such situations, an intricate interplay between the grav-
itational effects resulting from an inhomogeneous mass
distribution as reported in the present article and gravi-
tactic behavior due to the shape asymmetry32 will govern
the particle dynamics.
Instead of exposing mass-anisotropic self-propelled
particles to gravity, one could also consider such par-
ticles in a centrifuge. This allows to improve particle
separation based on the reported separation phenomena
by tuning the rotation speed of the centrifuge.
The dynamic behavior of the self-propelled Janus par-
ticles described in this article is in close analogy to phe-
nomena seen for swimming microorganisms.53,54 With re-
gard to the motion of microorganisms in nature, it would
be an interesting task for the future to extend our work
towards mass-anisotropic self-propelled colloidal parti-
cles in shear flow,55–57 where we expect even more com-
plex trajectories.
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Appendix A: Determination of the sedimentation
speed vs
Since our spherical Janus particles are self-propelled in
H2O2, we cannot measure their sedimentation speed vs
directly when they are dispersed in the 10 % mass fraction
solution of H2O2. Therefore, we measured the particles’
sedimentation speed in water vs,W and calculated from
vs,W their sedimentation speed vs in the H2O2 solution.
The experimental results for vs,W for particles with
radii R ∈ {0.95µm, 1.55µm, 2.40µm} and a d = 10 nm
thick platinum cap (see also Ref. [11]) as well as with
radius R = 0.95µm and a d = 20 nm thick platinum
cap are given in Table II. Note that d is the maximal
thickness of the platinum cap, which the cap attains at its
pole. From there, the thickness is continuously tapering
towards the edge of the hemispherical cap.11
Using the Stokes expression for the speed of a sphere
settling in a viscous liquid, vs,W can be expressed as
vs,W =
2
9
ρP − ρW
ηW
gR2 (A1)
with the particle’s average mass density ρP, the mass
density of water ρW = 998 kg/m
3, the dynamic viscosity
of water ηW = 10
−3 Pa s, and the gravitational accelera-
tion g = 9.81 m/s2. Equation (A1) allows to calculate ρP
from vs,W via
ρP = ρW +
9ηW
2gR2
vs,W . (A2)
The resulting values for ρP are given in Table II. Applying
again the Stokes expression, we can now calculate vs by
vs =
2
9
ρP − ρL
η
gR2 =
ηW
η
vs,W − 2gR
2
9η
(ρL − ρW) , (A3)
where ρL = 1038 kg/m
3 is the mass density of the H2O2
solution and η = 1.02 · 10−3 Pa s is its dynamic viscosity.
This yields the values for vs given in Table II.
Appendix B: Calculation of the maximal aligning
angular velocity ωM
The anisotropic mass distribution of our Janus spheres
leads to a gravitational torque that acts on the particles
and tends to orient them upwards. Choosing the geomet-
ric center of a particle as reference point, the magnitude
of this torque is given by
M = lF sin(θ) , (B1)
where l is the distance of the center of mass of the
platinum cap from the geometric center of the particle,
F = (ρPt − ρL)Vcapg is the modulus of the buoyancy-
corrected gravitational force that acts on the cap, and
θ ∈ [0, pi] is the tilt angle defined in Fig. 1 of the main
text. Finally, ρPt = 21, 450 kg/m
3 is the mass density of
platinum and Vcap is the volume of the particle’s plat-
inum cap.
Some of us have previously shown that l = 0.75R for
particles with a d = 10 nm thick platinum cap.11 Using
the cap model from Ref. [11], we obtain l ≈ 0.76R for
particles with d = 20 nm (see Table II). To determine
Vcap, we use the expression
ρP =
VSρPS + VcapρPt
VS + Vcap
(B2)
with the volume VS = 4piR
3/3 of the polystyrene sphere
being part of the particle and the mass density ρPS =
1050 kg/m3 of polystyrene. This yields
Vcap =
ρP − ρPS
ρPt − ρP VS . (B3)
For θ = pi/2, the torque M reaches its maximal value
Mmax = lF . The maximal aligning angular velocity ωM,
which corresponds to Mmax, is given by
ωM =
DRMmax
kBT
= l
ρPt − ρL
8piηR3
gVcap (B4)
11
R/µm d/nm l/R vs,W/(µm s
−1) ρP/(kg m−3) vs/(µm s−1) ωM/s−1
0.95 10 0.75 0.193 1096 0.1121 0.0528
1.55 10 0.75 0.532 1100 0.3162 0.0927
2.40 10 0.75 1.008 1078 0.4958 0.0817
0.95 20 0.76 0.549 1277 0.4611 0.2659
Table II. Parameters characterizing the self-propelled Janus particles with different radii R and maximal thicknesses d of the
platinum cap: distance l of the center of mass of the platinum cap from the geometric center of the particle, sedimentation
speed vs,W in water, average mass density ρP, sedimentation speed vs in the H2O2 solution, and maximal aligning angular
velocity ωM.
with the particle’s rotational diffusion coefficient DR =
kBT/(8piηR
3), Boltzmann constant kB, and temperature
T . Inserting Eq. (B3) into Eq. (B4) leads to
ωM =
lg
6η
ρPt − ρL
ρPt − ρP (ρP − ρPS) . (B5)
Together with Eq. (A2) one obtains from Eq. (B5) the
values for ωM given in Table II.
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